This study aimed to determine the elastic properties of human triceps brachii (TB) tendon. The elongation of the TB tendon was directly measured in 9 healthy males using ultrasonography during ramp isometric elbow-extension up to the maximal voluntary contraction (MVC). The slope of the regression line for the relationship between the estimated muscle force and the angular rotation-corrected tendon elongation above 50%MVC was defined as stiffness. The stiffness of the TB tendon, 83؎ ؎22 N/mm, was comparable with that of the gastrocnemius tendon reported previously. The relationship between the stiffness and the tendon length (TL) showed a negatively significant correlation, suggesting that the stiffness of TB tendon is influenced by its dimensions.
Introduction
Tendons are elongated by external forces and, when the forces are removed, they return to their original length; that is to say, the tendons have elastic properties like springs (Alexander and Bennet-Clark, 1977) . The elastic properties of tendons in vivo in humans have been confirmed through measurement of tendon elongation during isometric muscle contraction by ultrasonography (Fukashiro et al., 1995; Ito et al., 1998) . This method has been used by many researchers for the measurement of elastic properties of the tendons. In addition, the new method has been devised to correct measurement errors of tendon elongation caused by joint angle rotation during isometric muscle contraction (Magnusson et al., 2001) . Furthermore, because the elastic properties of tendon have been confirmed to differ among individuals and show a positive correlation with maximal muscle strength, the maximal muscle strength is interpreted as a factor that determines individual differences in the elastic properties of tendon (Muraoka et al., 2005) . So far, however, the elastic properties of tendon in humans have mainly been measured for the lower limbs (Maganaris and Paul, 1999; Magnusson et al., 2001; Muraoka et al., 2005; Stafilidis et al., 2005; Kubo et al., 2006) ; to our knowledge, the elastic properties of tendon in the upper limbs have been reported only by Ohta et al. (2004) .
In the countermovement jump, it has been pointed that subjects with more compliant tendons in the vastus lateralis (VL) show greater countermovement effects (Kubo et al., 1999a) . According to a previous study that compared the upper and lower limbs of countermovements (Tauchi et al., 2002) , countermovement effects in the upper limbs were lower than those in the lower limbs. Considering these findings, the tendon of upper limbs which shows lower countermovement effects is expected to have higher stiffness than the lower limb tendons. Actually, Ohta et al. (2004) have stated that stiffness of the biceps brachii (BB) tendon (100 N/mm) was higher than that of the lower limb tendons reported by previous studies. However, stiffness of the medial gastrocnemius (MG) tendon which locates at the lower limbs has been reported as 87 N/mm (Magnusson et al., 2001) , which was higher than that of the VL tendon (63 N/mm; Kubo et al., 2006) . Such a finding suggested that elastic properties of the tendons might not be determined based on the location of the muscle tendon complex (MTC), such as the upper limbs or lower limbs.
According to electromyograms (EMGs) recorded during daily living (Harwood et al., 2008) , the triceps brachii (TB) showed lower muscle activity levels and shorter muscle activity durations than the BB. In addition, Kubo et al. (2001) , who investigated the influence of resistance training on tendon stiffness, reported that changes of tendon stiffness depended more on the muscle activity durations than the muscle activity levels of the resistance training. Taking these findings into account, the BB and TB tendons, both located in the upper limbs, are expected to be different in their elastic properties. However, there are no reports that measure the elastic properties of the TB tendon. Thus, this study aimed at determining the elastic properties of the TB tendon by ultrasonography and examining their characteristics.
Method

Subjects
Subjects were 9 healthy adult men (age: 28Ϯ4 years old; height: 172.1Ϯ5.4 cm; body weight: 68.1Ϯ7.5 kg; expressed as meanϮstandard deviation). The experiment was carried out with the approval of the ethical committee of the Waseda University Faculty of Sport Sciences. The subjects received a full explanation of the experiment purpose and content, and gave their written informed consent before participating.
Measurement posture
The measurement posture of the subjects was the supine position at a left elbow angle of 90 deg flexed (a full extension position of 0 deg) and a shoulder joint angle of 90 deg flexed (an anatomical position of 0 deg) (Figure 1) . The rotational center of the dynamometer (CON-TREX, CMVAG, Zurich, Switzerland) was positioned to match that of the elbow joint of the subjects, and the wrist was secured to the attachment of the device and the olecranon was to a self-produced fixator using inflexible straps.
Measurement of tendon elongation
For measurement of tendon elongation, the subjects exerted isometric elbow extension torque from zero (relaxed) to MVC within 5 s (Kubo et al., 1999b) . Torque signals were A/D converted at a sampling rate of 1000 Hz (Power Lab/16SP, ADInstruments, Australia) and transferred to a computer. There were 5 trials; a rest was taken for at least 2 min between the trials, and all 5 trials were analyzed.
A real-time B-mode ultrasonography apparatus (SSD-6500, ALOKA, Tokyo, Japan) was used to obtain a longitudinal ultrasonic image of the muscle tendon junction (MTJ) of the lateral head of the TB. The probe (7.5 MHz wave frequency) was fixed using doublefaced tapes to the skin surface where the MTJ was observed (Figure 2) . The ultrasonic images were recorded at 30 Hz on digital mini DV videotapes via a video timer (VTG-55, FOR-A, Tokyo, Japan) in order to be synchronized with torque signals. The ultrasound images were transferred into the computer and then analyzed using an image processing software (Image J, National Institutes of Health, Bethesda, MD). The coordinates of the MTJ were determined every 5% MVC beginning at 0% MVC, and the distance from the coordinate at 0% MVC was calculated as tendon elongation (L) (Figure 3) . In the ramp exercise trials, the maximal tendon elongation was defined as LMVC. The average value of the 5 trials was employed as the value of each subject.
The maximal percentage of tendon elongation (strain) was calculated by the following formula:
where TL (Figure 4) represents the tendon length at rest which was defined as the distance between the MTJ and the distal insertion on the ocleranon determined by ultrasonography. Further, to correct the MTJ displacement by joint angle rotation during isometric muscle contraction confirmed by previous studies (Magnusson et al., 2001; Muramatsu et al., 2001) , the elbow joint angle during the ramp exercise trials was recorded from the right lateral side of the subject using a digital video camera (NV-DJ100, Panasonic, Osaka, Japan). Three markers were placed on the following sites: the center of the elbow joint, the para-wrist between the radius and ulnae, and the humerus. The video camera images were synchronized with the torque signals and ultrasound images by filming the start signal of the timer (PH-100A synchronizer, DKH, Tokyo, Japan). The recorded video frames were transferred into the computer, and then the 2-D coordinate for each marker was obtained using an analysis software (Frame-DIAS II V3, DKH , Tokyo, Japan) to calculate the elbow angle. The extension of the joints was defined as a positive direction. The elbow joint was passively rotated by 10 deg. The MTJ displacement during passive joint rotation was measured every 2 deg. The regression line between the joint angle rotation and the displacement of MTJ was used to correct for measurement errors of tendon elongation caused by the elbow joint angle rotation during the ramp exercise trials (Magnusson et al., 2001 ).
Calculation of stiffness
From the exerted elbow extension torque (TQ), the muscle force exerted by the lateral head of the TB (F) was calculated by the following formula:
where MA represents the moment arm length of the TB at an elbow angle of 90 deg, determined from images acquired with a magnetic resonance imaging (MRI) apparatus (Signa1.5T, GE, Tokyo, Japan, etc.) by using the method reported by Kawakami et al. (1994) area (PCSA) of the lateral head of the TB (0.322), determined by Kawakami et al. (1994) , which here was defined as the contribution of the lateral head of the TB to elbow extension torques. The maximal muscle force during the ramp exercise trials was referred to as F MVC . In a previous study by Ito et al. (1998) , tendon elongation with respect to force exhibited a non-linear change, whereas it showed a linear change over a high force zone. The slope over that region was calculated as "stiffness" which represents untensibility. In the present study, the slope was calculated every 5% MVC for the relationship between force and tendon elongation, and no significant difference was observed above 50% MVC. Based on the result, this study employed the slope above 50% MVC for the relationship between force and tendon elongation as the stiffness. The coefficient of variation for the stiffness obtained from the 5 trials was 7.2%Ϯ2.3%. For day-to-day reproducibility, 7 subjects were measured on 2 days; as a result, the coefficient of variation for the stiffness was 4.3Ϯ3.5% and the intraclass correlation coefficient was rϭ0.95, which demonstrated sufficient reproducibility (Vincent, 2005) .
Statistical processing
Data were expressed as meanϮstandard deviation. For the relationship between the stiffness and measurement parameters, Pearson's product-moment correlation coefficient was calculated. The significance level was set at pϽ0.05.
Results
The elbow joint angle rotation at maximal muscle force exerted during the ramp exercise trials was Ϫ0.5Ϯ2.2 deg. Figure 5 shows the relationship between the muscle force and the corrected tendon elongation. Table 1 shows the tendon characteristics and other measurement parameters of all subjects. F MVC was 502Ϯ91 N, LMVC was 8.7Ϯ1.2 mm, strain at MVC was 8.2%Ϯ1.7%, and stiffness was 83Ϯ22 N/mm. The individual variation of the stiffness (ranging from 48 to 119 N/mm) was greater compared to the other parameters.
For the relationships between the stiffness and measurement parameters, the stiffness had a significant negative correlation with the TL (rϭϪ0.79, pϽ0.05) (Figure 6) . Furthermore, the stiffness tended to be correlated with the F MVC (rϭ0.64, pϭ0.07). Table 2 summarizes the results of previous studies on the tendon stiffness, which were compared with the results of this study. Note that all previous studies listed in Table 2 have corrected the MTJ displacement error by joint angle rotation during isometric muscle contraction. The average value of the TB tendon stiffness in this study (83 N/mm) was higher than that of the VL tendon (63 N/mm) but was comparable to that of the MG tendon (87 N/mm) in the previous studies. This finding suggests that tendons of the upper limbs are not necessarily stiff.
Discussion
The stiffness values of the BB tendon (100 N/mm) in the study of Ohta et al. (2004) have been calculated without the correction of measurement errors caused by joint angle rotation, resulting in underestimation of the stiffness. Thus, it is speculated that the stiffness of the BB tendon is higher than that of the TB tendon. In daily living, the level and duration of muscle activity of the TB is lower and shorter than those of the BB (Harwood et al., 2008) . In terms of adaptation of tendon tissue to resistance training, training protocols using longer muscle activity durations increased the tendon stiffness, whereas the tendon stiffness was unchanged following training with short contraction durations (Kubo et al., 2001) . Based on these findings, the difference in muscle activity durations in daily living between both muscles could a factor for the lower stiffness of TB tendon than the BB tendon. Tauchi et al. (2002) have reported that the effect of countermovement in the pushing up by the upper limbs was lower than that in the drop jump by the lower limbs. Kubo et al. (1999a) have reported that subjects with more compliant tendons of the agonist muscles exhibited higher countermovement effects Taken together, it was expected that the tendon stiffness of upper limbs which have lower countermovement effects was higher than that of the lower limbs. In this study, however, the stiffness of the TB tendon was not found to be obviously different from that of the lower tendons. This suggests that the tendon properties were not a factor for the lower countermovement effects of the upper limbs reported by Tauchi et al. (2002) . Since movement performance was not measured in the present study, the relationship between the tendon properties and the countermovement effects remains to be the subject of future study.
On the other hand, stiffness values of the TB tendon in this study and the lower limb muscle tendon in the previous studies differed greatly among individuals, and its coefficient of variation ranged from 25% to 52%. A possible explanation for this is plasticity of the tendon mechanical properties. It has been reported that tendon stiffness is increased by resistance training (Kubo et al., 2001 ) and decreased by inactivity (Kubo et al., 2004) . Although the subjects in this study were healthy men with no special history of resistance training and/or inactivity, differences in daily activity levels over a long period could affect the tendon mechanical properties. In addition, individual variation of tendon stiffness could be attributed partly to difference in muscle strength among the subjects. Muraoka et al. (2005) have interpreted maximal muscle strength as a factor that determines tendon stiffness since the stiffness of the MG tendon correlated positively to the maximal muscle strength. In this study, the stiffness tended to be correlated with the F MVC (rϭ0.64, pϭ0.07), and the stiffness had a significant negative correlation with the TL (rϭϪ0.79, pϽ0.05; Figure 7 ). This means that shorter TL had higher stiffness, and that individual differences in the TB tendon stiffness were associated with individual differences in the TL. So far, there has been no study on the relationship between in vivo human tendon stiffness and TL. Regarding the relationship between stiffness and morphological characteristics of tendons, Muraoka et al. (2004) have reported that the Achilles tendon stiffness was not correlated to its cross-sectional area, whereas Kongsgaard et al. (2007) have showed that there was significant correlation between the patellar tendon stiffness and its cross-sectional area. The results of this study suggested that individual differences of tendon stiffness are affected by morphological characteristics of tendons.
